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The Search for the Missing Mantles of Differentiated Asteroids: Evidence from 
 
Taxonomic A-class Asteroids and Olivine-Dominated Achondrite Meteorites 
 
Michael Peter Lucas 
 
ABSTRACT 
  
The apparent rarity of taxonomic A-class asteroids poses a significant paradox for 
understanding asteroid differentiation and the dynamical evolution of the early solar 
system.  Based on results from asteroid taxonomic surveys, and on the abundances and 
mineralogy of different achondrite meteorites, it appears that olivine-dominated mantle 
remnants are missing from both the asteroid population and in meteorite collections.  
Several scenarios to explain this paradox have been proposed: (1) olivine mantle material 
has been stripped away by collisions and only remains as small fragments (< ~5 km), 
(2) A-class asteroids are abundant but have been altered in some way masking their 
presence, or (3) differentiated asteroids did not form thick olivine-rich mantles. 
 We have approached these questions through the collection of taxonomic and 
observational data on known A-class asteroids, and the geochemical characterization of 
olivine grains from pallasite and ureilite igneous meteorites.  Examination of four 
taxonomic surveys reveals discrepancies in the classification of A-class objects.  Recent 
data with spectral coverage to 2.45 µm have reclassified some asteroids previously 
thought to belong to the class.  Data complied from these taxonomies reveal only 17 A-
 vii
class asteroids out of ~2100 individual objects surveyed (<1%).  Physical and orbital 
characteristics of A-class asteroids indicate that the majority are small (<13 km) 
collisional fragments that reside in orbits interior to, or within the inner main-belt. 
 Photometric observations of five A-class asteroids obtained during this study have 
constrained the rotational periods of, 246 Asporina, 289 Nenetta, 446 Aeternitas, 1600 
Vyssotsky, and the Mars-crossing asteroid 1951 Lick.  Robust photometric data for 446 
Aeternitas collected over three apparitions yielded a precise rotation period (15.737496 ± 
0.000005 h) and a pole orientation of β = 49º, and λ = 342º.  A shape model produced 
from these data revealed that 446 Aeternitas has a distinctly angular shape suggestive of a 
collisional fragment.   
 Olivine compositions between our pallasite meteorites span a narrow range (Fa10.5 
– Fa13.4), while the ureilite olivine compositions, generally more fayalitic, display wide 
variations in the eight examined meteorites (Fa8.5 – Fa22.1).  Major and trace element 
behavior in olivines from pallasite meteorites is consistent with a model of slow, in situ 
cooling and crystallization, allowing for near-equilibrium exchange between crystallizing 
olivines and coexisting silicate and FeNi melt, preserving near-uniform olivine major 
element compositions, and limited trace element variation.  Trace element signatures of 
ureilite silicates (olivine and pigeonite) show large variations, consistent with residual 
solids from fractional melting processes.  Ureilite olivines are uniformly more enriched in 
both compatible lithophile and siderophile elements (Ca, Li, Sc, V, Cr, Ni, and Mn) than 
pallasite olivines. corroborating models for ureilite petrogenesis as low-degree partial 
melting residues in the absence of an FeNi melt phase.  Uniformity of elemental 
signatures among different pallasites point to a chemically homogeneous parent body. 
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INTRODUCTION 
 
Where Are All of the A-class Asteroids? 
The taxonomic A-class asteroids are olivine-dominated, metal poor objects that 
are identified by moderate to high albedos (0.09 – 0.60), by a reddening of the spectral 
slope at wavelengths shorter than 0.7 µm in visible light spectra, or by a strong infrared 
absorption feature centered at ~ 1.05 µm (Reddy et al., 2005).  A-class objects are rare 
among the asteroid population as two widely recognized taxonomic surveys (Table 1): 
the Eight Color Asteroid Survey (ECAS) (Zellner et al., 1985), and the Small Main-Belt 
Asteroid Spectroscopic Survey II (SMASSII) (Bus and Binzel, 2002), collectively 
include no more than 17 known A-class objects (Table 2).  The apparent scarcity of these 
objects poses a significant paradox for our understanding of asteroid evolution (Xu et al., 
1995) and for studies of the dynamical evolution of the early solar system (Bottke et al., 
2006).  A-class asteroids are thought to represent olivine-dominated mantle remnants 
(dunites), or possibly core-mantle boundary fragments of shattered protoplanetary bodies 
from the early solar system (Cruikshank and Hartmann, 1984; Xu et al., 1995; Gaffey et 
al., 2002).  If so, it is reasonable to expect they should be relatively abundant among the 
asteroid population. 
The differentiation of a body of ordinary chondritic composition is believed to 
result in an object with an iron-nickel core, a thick olivine-dominated mantle, and a thin 
plagioclase/pyroxene crust (Xu et al., 1995; Burbine et al., 2000).  The existence of 
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achondrites, which are meteorites of magmatic origin (McSween, 1989), in terrestrial 
collections indicate that some planetesimals experienced temperatures during solar 
system formation high enough to result in partial or full interior melting and 
differentiation.  In fact, based on the number of iron meteorites in terrestrial meteorite 
collections, it is estimated that ~108 asteroidal parent bodies experienced partial or total 
melting and differentiation within the first few Mega-annum (Ma) of solar system history 
(Keil, 2000).  The existence of metallic asteroids (Bus X-class, Tholen M-class) in the 
main-belt, and the diversity of iron meteorites suggest numerous remnant cores of 
differentiated parent bodies (Bottke et al., 2006).  The SMASSII survey (Bus and Binzel, 
2002) identified 247 X-class asteroids (~17 %, n = 1447), and Mothé-Diniz et al. (2003) 
suggests that the relative percentage of X-class asteroids among S, C, and X objects (the 
three major spectral classes) is 24% for asteroids with diameter (D) >13 km.  Collisions 
disrupted many D > 100 km planetesimals early in the history of the solar system (Bottke 
et al., 2005a, 2005b) and although numerous metallic asteroids that represent the 
fragmented cores of these planetesimals have been classified, a representative population 
of olivine-dominated fragments is lacking. 
As taxonomic surveys record spectra of a larger number of asteroids and surveys 
reach asteroids of smaller diameters, the abundance of A-class asteroids is not increasing.  
Data from two relatively recent asteroid taxonomic surveys (Table 1) (Lazzaro et al., 
2004; DeMeo et al., 2009) provide additional evidence that A-class asteroids are indeed 
rare.  Despite their spectroscopic examination of 820 and 371 asteroids respectively, the 
total number of recognized A-class objects remains at 17 (see “Taxonomic Classification 
and Orbital Distribution of A-class Asteroids” below).  Based on data with the most 
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complete spectral coverage (0.45 to 2.45 µm), DeMeo et al. (2009) identified only six 
taxonomic A-class asteroids in their survey (n = 371), less than 2%, while X-class 
asteroids comprised ~9% of their surveyed asteroids. 
Although olivine is the main mineral phase expected to form in the mantles of 
differentiated asteroids, olivine-dominated samples are relatively uncommon among the 
achondrite meteorites (Table 3).  Olivine is a common mineral phase in most chondrites, 
many of which have experienced thermal metamorphism.  Achondrites with abundant 
olivine include the stony-iron pallasite meteorite class (FeNi metal+olivine), the ureilites 
(olivine+graphite±pyroxene), the brachintes (olivine±pyroxene±plagioclase), and the 
SNC meteorites (shergottites, nakhlites, and chassignites) – rare olivine-rich meteorites 
that are generally accepted to originate from Mars (McSween, 2002). 
Based on results from asteroid taxonomic surveys, and on the recognized 
abundances and mineralogical makeup of the different achondrite meteorite classes, it 
appears that the “middle” is missing in both the asteroid population and in terrestrial 
meteorite collections.  Several scenarios to explain this “missing mantle” paradox have 
been proposed:  
(1) olivine mantle material has been stripped away by collisions and only remains 
as small fragments (< ~5 km) (Xu et al., 1995; Burbine et al., 2000),  
(2) A-class asteroids are abundant but their spectra have been altered in some way 
via space weathering masking their presence (Burbine et al., 2000; Greenwood et al., 
2009), or  
(3) differentiated asteroids did not form thick olivine-rich, metal-poor mantles 
(Burbine et al., 2000), and differentiation on these bodies is not understood. 
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 In this study we have approached these multiple working hypotheses through the 
collection of observational data on known A-class asteroids, and the geochemical 
characteristics of olivine grains from two classes of igneous meteorites.  To better 
constrain the physical properties of A-class asteroids we have conducted photometric 
observations to determine the rotational properties of the A-class asteroids, and for 
development of a shape model of the A-class asteroid 446 Aeternitas.  This model may be 
of use to future studies for investigations of possible heterogeneities in surface 
composition for this asteroid.  We have considered four existing taxonomic classification 
schemes regarding A-class asteroids in the attempt to understand just how rare these 
objects are, and examined the orbital characteristics of A-class asteroids to understand 
where the population of these objects reside.  We have analyzed major and trace element 
abundances of olivine grains in two sample suites of olivine-dominated achondrite 
meteorites, pallasites and ureilites, to place further constraints on the igneous processes 
involved during the formation and differentiation of such asteroidal material. 
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BACKGROUND 
 
Evolution of Asteroid Taxonomy 
 Several significant asteroid taxonomic surveys (Table 1) completed over the last 
three decades have provided clues to the surface composition, age, and alteration features 
of the asteroid population (DeMeo et al. 2009).  Observations from the Eight Color 
Asteroid Survey (ECAS), formed the basis for the first major taxonomic classification 
scheme and became known as the Tholen taxonomy (Tholen, 1984; Zellner et al., 1985).  
With the advent of the CCD detector in the 1980s, it became possible to carry out large-
scale spectroscopy of small main-belt asteroids in visible light and into the nearest 
infrared (0.4 to 1.0 µm) with moderate-sized ground based telescopes.  The Small Main-
Belt Asteroid Spectroscopic Survey (SMASSI) provided reflectance spectra for a 
substantial number of small (D < 20 km) asteroids (Xu et al., 1995).  The addition of 
SMASSII spectral results (Bus and Binzel, 2002a; 2002b), which evolved into the Bus 
taxonomy, added spectral classifications for a large number of asteroids and has provided 
the framework for the modern asteroid classification scheme. 
 Lazzaro et al. (2004) completed a visible light spectroscopic survey named the 
Small Solar System Objects Spectroscopic Survey (S3OS2).  Rather than develop their 
own taxonomic classification scheme, Lazzaro et al. (2004) classified all asteroids 
observed in S3OS2 using both the Tholen and Bus schemes.  Spectral interpretations from 
the S3OS2 survey resulted in a number of mismatches between the existing Tholen and 
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Bus taxonomies.  These discrepancies led to the question of reproducibility of asteroid 
spectral classifications. 
 The availability of new instrumentation, notably the SpeX on the NASA Infrared 
Telescope Facility (IRTF) (Rayner et al., 2003) has made possible the collection of 
spectral data out to the near infrared (0.85 to 2.45 µm).  This spectral range reveals 
diagnostic compositional information due to the presence of absorption features at ~1 and 
2 µm, primarily from olivine and pyroxene respectively, which were not accessible from 
previous visible light spectra.  DeMeo et al. (2009) conducted a spectroscopic survey 
using this instrumentation and created an extension of the Bus taxonomy incorporating 
these near-IR data.  Collectively, the ECAS, SMASSI, SMASSII, S3OS2, and DeMeo 
surveys (Table 1) have spectrally classified ~2150 individual asteroids, a significant 
contribution to interpreting the compositional characteristics of the asteroid population. 
 
Table 1. – Summary of large asteroid taxonomic surveys conducted in the last three 
decades.  Abbreviations are; BC: Boller and Chivens, Tax.: Taxonomic. 
Survey 
Name 
Tax. 
Name 
Instrument Spectral 
range (µm) 
No. of 
Tax. 
classes 
No. of 
Aster-
oids 
Reference 
 
      
ECAS Tholen Filter 
Photometer 
0.34 to 1.04 14 589 Tholen, 
1984; 
Zellner el 
al., 1985  
SMASSI Bus CCD+Mark III 
Spectrograph 
 
0.40 to 1.0 26 316 Xu et al., 
1995 
SMASSII Bus CCD+Mark III 
Spectrograph 
0.435 to 
0.925 
26 1447 Bus and 
Binzel, 
2002 
S3OS2 Tholen 
or Bus 
CCD+BC 
Spectrograph 
0.49 to 0.92 14 or 
26 
820 Lazzaro et 
al., 2004 
 
DeMeo Bus SpeX 
Spectrograph 
0.45 to 2.45 24 371 DeMeo et 
al., 2009 
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Physical Properties of A-class Asteroids 
 The taxonomic A-class asteroids are a sparse group comprised of no more than 
seventeen objects (Table 2).  They range in diameter from the small near-Earth asteroid 
(NEA) McAuliffe (~2.4 km) to the large main-belt asteroid 354 Eleonora (155.17 km).  
The majority of the A-class asteroids are small objects, with 12 out of the 17 objects 
having D < ~13 km (Table 2).  Diameters obtained using data from the Infrared 
Astronomical Satellite (IRAS) are the best available estimates of asteroid diameters, with 
the exception of in situ spacecraft remote sensing.  Where an IRAS diameter is not 
available, diameters were obtained from the Minor Planer Center Orbital database 
(MPCORB).  MPCORB diameters are calculated from the absolute magnitude H, and a 
known or assumed geometric albedo (ρv), using the relation given in Eq. 1 (Warner et al., 
2009b).  The A-class asteroids have moderate to high ρv (0.09 – 0.60) and H ranging 
from (6.44 - 15.8 mag).  A majority of these objects have orbits with semimajor axes a 
inside the main-belt (a < 2.0 AU) or in the inner to mid main-belt (a < 2.8 AU). 
 
 log D (km) = 3.1235 – 0.2H – 0.5 log(ρv)            (1) 
 
 Studies of asteroid rotational periods provide fundamental data for the 
development of theories regarding their physical properties.  Rotational periods are 
typically derived from multiple sets of photometric observations of the object.  Asteroid 
lightcurve data has expanded over the past 20 years from ~180 objects in 1989 to more 
than 3700 objects in late-2008 (Warner et al., 2009b).  These data have led to significant 
insights regarding the evolutionary history of the asteroid population.  Presently, 
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statistical studies of asteroid rotation rates versus diameter (Figure 1) have provided 
important data for the development of theories of asteroid structure and physical 
properties. 
 Rotational periods have been determined for all A-class asteroids except for 2234 
Schmadel, 2423 Ibarrui, and 4982 Bartini (Table 2).  The rotational period of the NEA 
3352 McAuliffe (Pravec et al., 2011; this study) is not constrained (see Table 2 for 
explanation of U codes).  The remaining values fall within the typical distribution (Figure 
1) of spin rates for D < ~40 km asteroids, except for two slow rotators, 3043 San Diego 
(105.7 h) and 4142 Dersu-Uzala (140 h).   
 A significant finding of these studies (Pravec and Harris, 2000; Pravec et al., 
2002; Warner et al., 2009b) is a rotational “speed barrier” of ~2.2 h for asteroids > 0.15 
km in diameter.  This finding is compelling evidence that small asteroids (0.15 < D < 10 
km) are loosely bound, gravity-dominated megabreccias with negligible tensile strength 
(“rubble piles”).  These small asteroids appear to be collisonally derived fragments with 
shattered interior structures.  An example of this structure has been clearly demonstrated 
during the in situ exploration of the small S-class asteroid 25143 Itokawa by the 
Hayabusa spacecraft (Fugiwara et al., 2006).  Typical low bulk densities measured for 
Itokawa (~1.9 g/cm3) and other asteroids (Hilton, 2002) provide additional evidence of 
the porous “rubble pile” nature of small asteroids.  At ~ 40 km there is a significant 
change in the spin rate distribution of asteroids that suggests that they are either original 
bodies of the main-belt or the largest collisionally evolved remnants (Pravec et al., 2002).   
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A population of tiny asteroids (D ≤ ~0.15 km) break the speed barrier of ~2.2 h (Figure 1) 
and therefore cannot be held together by self-gravitation and must be coherent monolithic 
objects (Pravec et al., 2002).  These may represent single fragments of the rubble that 
make up the majority of the population of larger asteroids. 
 
 
Figure 1. – The distribution of 2940 asteroids based on rotational period vs. diameter, the 
“speed barrier” for objects > ~0.15 km is apparent.  Recently many asteroids < 0.15 km 
have been found spinning faster than the barrier and are considered to be coherent 
monolithic fragments.  Sloped lines of constant damping time scales of tumbling 
asteroids (non-principal axis) rotation are shown, these asteroids spin slow enough that 
the damping time to principal axis rotational is older than their collisional lifetime or 
even the age of the solar system (Pravec and Harris, 2000), explanation of U codes given 
in Table 2.  Figure from Warner et al., 2009b. 
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Table 2. – Physical properties of seventeen recognized A-class asteroids from this study, 
data extracted from the JPL Small-Body Database Browser searching for Tholen and 
SMASSII spectral types.  2975 Spahr, 3043 San Diego, and 4375 Kiyomori were added 
from Lazzaro et al. (2004) A-class objects classified using the Bus (2002) scheme. 
 
Full Name H (mag) D (km) Albedo Rotation per. (h) U codec 
   246 Asporina 8.62 60.1a 0.1744 16.234d 3 
   289 Nenetta 9.51 33.73a 0.2438 6.902 3 
   354 Eleonora 6.44 155.17a 0.1948 4.277 3 
   446 Aeternitas 8.9 45.4a 0.2361 15.737496d 4d 
   863 Benkoela 9.02 27.06a 0.5952 7.03 2+ 
  1600 Vyssotsky 11.9 13.1b  3.201d 3 
  1747 Wright 13.35 6.35a 0.2005 5.2896 3 
  1951 Lick 14.51 5.57a 0.0895 5.3016 3 
  2234 Schmadel 12.5 11.9b    
  2423 Ibarruri 13.2 7.2b    
  2501 Lohja 12.08 12.0b  3.8084 3 
  2975 Spahr 12.7 9.0b  11.946 3- 
  3043 San Diego 13.6 6.0b  105.7 3- 
  3352 McAuliffe 15.8 2.4b  6 1 
  4142 Dersu-Uzala 13.6 6.0b  140 2 
  4375 Kiyomori 12.7 7.9b  6.4709 3 
  4982 Bartini 13.2 11.0b    
a
 Infrared Astronomical Satellite (IRAS) data 
b
 Minor Planet Center database (MPCORB) 
c
 Explanation rotational period U code values: 
1. Result based on fragmentary lightcurve(s), rotational period not constrained. 
2. Result based on less than full coverage, so that the period may be wrong by 
 ~30%.  Also used to indicate cases where an ambiguity exists as to the number of 
 extrema between lightcurves.  Hence the result may be wrong by an integer ratio. 
3. Secure result with no ambiguity, full lightcurve coverage. 
4. In addition to full coverage, denotes that a pole position is reported. 
d
  This study 
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Spectral Properties of A-class Asteroids 
 The A-class asteroids are identified by a strong characteristic near-IR spectral 
absorption centered at ~1.05 µm of nearly monomineralic olivine [(Mg,Fe)2SiO4], or by a 
reddening of the spectral slope on the low side of 0.7 µm in visible light spectra (Reddy, 
2005).  The olivine 1 µm spectral feature is a composite consisting of three absorptions 
that arise from crystal field transitions of Fe2+ in sites within the olivine crystal lattice 
(Sunshine et al., 2004) (Figure 2a).  Cruickshank and Hartmann (1984) were the first to 
identify A-type asteroids as olivine-dominated based on near-IR spectra of 246 Asporina 
and 289 Nenetta.  Burbine and Binzel (2002) recorded near-IR spectra (~0.9 µm to ~1.65 
µm) of four of the larger (D of 27 to 60 km) and six smaller (D < ~13 km) A-class 
objects and found that larger diameter objects have olivine absorption bands that are 
more distinctive.  All six of the small objects show shallower absorption bands and band 
minimums appear to shift to shorter wavelengths than the olivine feature centered at 1.05 
µm.  This trend is opposite of what would be expected if larger objects have older more-
weathered surfaces than smaller “fresher” collisional fragments. 
 
 
Figure 2. – Deconvolved near-IR spectra for a.) forsteritic olivine, from Sunshine et al., 
2007 b.) clinopyroxene, from Sunshine and Pieters, 1993. 
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 Matching near-IR spectral signatures of asteroids with mineral laboratory spectra 
of mineral analogs is fraught with difficulties and has proven to be a complex 
undertaking.  Many variables that can affect the 1 µm olivine absorption feature have 
been discussed to explain mismatches with asteroid reflectance spectra.  These include 1) 
temperature effects, 2) olivine composition (Fe2+ content of the solid-solution series 
fayalite to forsterite), 3) the overlap of the absorption features of olivine and pyroxene at 
~1 µm, 4) metal contamination and grain-size effects, and 5) space weathering 
(“reddening”) of asteroid surfaces. 
 1)  Lucey and Keil (1998) showed that the olivine absorption bandwidth narrowed 
with decreasing temperature and concluded that spectral differences between the 
observed A-class asteroids (surface temperatures ~120 to 190 K) and laboratory 
measurements of olivine taken at ambient temperatures (~300 K) can be explained by 
temperature-dependent spectral effects.  Sunshine et al. (2000) observed that absorption 
bandwidths narrow linearly with decreasing temperature and also that significant changes 
occur between the relative strengths of two of the three (Band II/Band III) component 
olivine absorptions as a function of temperature.  However, temperature effects on band 
center position were shown to be insignificant. 
 2)  Sunshine et al. (1990) and Sunshine and Pieters (1993) developed a procedure 
to get around the difficulties of extrapolating laboratory mineral studies to compositional 
interpretation of asteroid spectra.  This procedure uses a modified Gaussian model 
(MGM) as a quantitative method to deconvolve spectra into their constituent absorption 
bands.  Sunshine and Pieters (1993) demonstrated that each of the three primary olivine 
absorption bands shift towards the longer wavelengths with increasing Fe2+ content, 
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therefore applying the MGM to the measured IR spectra of A-class asteroids allows the 
extraction of compositional information directly from telescopic spectra without the use 
of meteorites and/or terrestrial samples as mineralogic analogs. 
 3)  The absorption features of olivine and low-Ca pyroxene overlap near 1 µm; 
however, low-Ca pyroxene also has a significant absorption feature in the 2 µm region 
(Figure 2).  Recent spectral data of finer quality and with a broader spectral coverage out 
to ~2.5 µm has allowed the detection of this absorption feature.  Although early visible 
and near-IR spectra of A-class asteroids were interpreted as consisting of pure or nearly 
monomineralic olivine, Sunshine et al. (2007) has used the MGM technique to detect the 
presence of pyroxene absorptions in the 2 µm region in the spectra of five A-class 
asteroids.  The strength and position (<2.2 µm) of these absorptions suggest ~5 – 10% 
coexisting pyroxene of low-calcium composition. 
 4)  The mixing of meteoritic metal with the silicates olivine and pyroxene as 
would be expected in the regolith of a pallasite parent-body would result in absorption 
bands that are decreased in depth.  Band minima also shift to shorter wavelengths, but 
band centers for both minerals near the 1 µm region are largely unaffected for metal 
contents up to 90%. (Cloutis et al., 2009).  Particle size may also be an important factor 
in determining asteroid composition as reflectance spectra “sample” only a very thin 
layer of the surface of an asteroid.  As discussed above space weathering on asteroid 
surfaces is poorly understood and asteroid regolith properties are not well constrained.  
However, it is clear that as grain size decreases absorption bands weaken and reflectivity 
increases (Chruikshank and Hartmann, 1984).  Cloutis et al. (2009) combined the effects 
of metal contamination and grain size and showed that for 50:50 mixtures of metal with 
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both orthopyroxene and olivine the absorption bands decreased more for the finer grained 
material. 
 5)  Reflectance spectra of solar system objects are derived from light that has only 
interacted with a very thin layer of the surface material of the body.  Space weathering 
(i.e. spectral “reddening”) is a generic term for any processes that affects the optical 
properties of surface materials on bodies that lack atmospheres and are exposed to the 
environment of space (Gaffey, 2010).  These effects tend to redden (increase reflectance 
values with increasing wavelength) asteroid spectra as compared to laboratory olivine 
spectral analogs (Burbine et al., 2000).  The mechanisms and diversity of space 
weathering on asteroid surfaces are poorly understood at present.  Although the effects of 
space weathering on the lunar surface is well constrained; Gaffey (2010) concluded that 
lunar-style space weathering does not explain spectral characterizations of asteroid 
surfaces with laboratory analogs.  Furthermore, Gaffey (2008) warns that curve matching 
should not be presented as compositional interpretations and that space weathering does 
not provide a solution for all mismatches with laboratory analogs.  However, spectral 
matching (essentially “feature matching”) of strongly absorbing near monomineralic 
asteroids such as the A-class can still produce credible results when spectral coverage 
from ~0.8 to ~ 2.5 µm allows observation of diagnostic mineral features (Gaffey, 2010). 
The strong olivine absorption feature near 1 µm of A-class asteroids allows for possible 
feature matching with olivine-dominated achondrite meteorite samples. 
 
 
 
 15
Olivine-Dominated Achondrite Meteorites 
 Olivine-dominated achondrite meteorites are uncommon among the unbiased 
meteorite sources in terrestrial collections (Table 3).  Main-group pallasites (PMG) are a 
stony-iron meteorite class consisting of mixtures of iron-nickel metal and olivine that are 
believed to have been formed at the core-mantle boundary of an asteroid(s) (Wasson and 
Choi, 2003; Mittlefehldt and Rumble, 2006).  Ureilites are a distinct class of achondrites 
that have experienced a degree of differentiation while still retaining some chemical 
heterogeneity from the primitive solar nebula (Rankenburg, 2008).  Ureilites may be 
samples of shallow asteroid mantle residues, while the pallasites sample crystal 
fractionates (cumulates) at the core-mantle boundary of parental asteroid(s).  These 
olivine-dominated meteorite groups may thus sample different mantle depths from within 
differentiated asteroids, so comparing the fractionation of elements in silicate grains from 
these classes of meteorites may provide information for understanding differentiation 
processes of igneous asteroids early in solar system history. 
 
Table 3. – Meteorite statistics of unpaired olivine-dominated achondrites from unbiased 
meteorite sources, statistics for unbiased, unpaired iron meteorites included for 
comparison.  Compiled from the Meteoritical Database website, accessed July 13, 2011. 
 
Meteorites Observed Falls Antarctic 
Ureilites 6 80 
Brachinites 0 3 
Pallasites 4 9 
Iron meteorites 49 133 
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 Main Group Pallasites.  PMG’s may have been formed at the core-mantle 
boundary of differentiated asteroid(s) (Wasson and Choi, 2003), or alternatively as 
impact generated mixtures of core and mantle materials (Lavrentjeva, 2009).  Most PMG 
metal is consistent with an origin as a late fractionate of a IIIAB meteorite-type iron core, 
while the Seymchan pallasite is consistent with a late fractionate of a IIE meteorite-type 
iron core.  Most PMG olivines have very similar Fe/Mg ratios of Fa11 – 13 % (Wasson and 
Choi, 2003; this study), which is most likely due to subsolidus redox reactions with the 
surrounding metal.  Minor and trace element variations in PMGs have been explained as 
(a) variations in igneous evolution with depth in the parent asteroid; (b) original chemical 
heterogeneity in their parent bodies that survived igneous processing, or (c) derivation 
from the core-mantle boundaries of several distinct parent bodies (Mittlefehldt and 
Rumble, 2006).  Olivine is the main mineral phase expected to form in the mantle of a 
differentiated asteroid.  Therefore, the common PMG model involves the mixing of solid 
olivine mantle and residual metallic liquid after most of the core had crystallized to form 
IIIAB-like irons.  Because pallasitic olivine did not segregate from the metallic liquid 
after mixing, the melt could not have subsequently undergone large scale convection-
driven fractionation (Wasson and Choi, 2003).  
 Ureilites.  Ureilites are a distinct class of achondrite meteorite that seem to be the 
result of planetary igneous differentiation, while also preserving primordial elemental 
signatures that distinguish them from other achondrite meteorites (Rankenburg et al., 
2008).  The ureilites represent the second largest group of achondritic meteorites, 
comprising ~16 % of total achondrites (Rankenburg et al., 2007).  Petrographically, about 
90 % of ureilite meteorites are monomict breccias comprised predominantly of olivine, 
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pyroxene (mainly pigeonite, but also orthopyroxene and augite), and < 10% dark 
interstitial material consisting of carbon polymorphs at an abundance of up to 6 – 7 wt%, 
metal, sulfides, and fine grained silicates (Rankenburg et al., 2008).  Two main 
hypotheses for the origin of ureilite meteorites have been proposed; as partial melting 
residues (Warren and Kallemeyn, 1992; Singletary and Grove, 2006), or as cumulates 
(Goodrich et al., 1987).  Although most now accept the hypothesis that ureilites are 
residues (Singletary and Grove, 2006), a small percentage of the ureilite population is 
augite-bearing, which are best explained as cumulates or paracumulates (Rankenburg et 
al., 2007).  High abundances of highly siderophile Platinum Group Elements (Ru, Rh, Pd, 
Os, Ir, Pt, and Au), and chondritic inter-element ratios of PGEs in ureilite meteorites are 
inconsistent with the extensive removal of Fe-metal (as would be expected due to the 
segregation of a metallic core) because the metal would also effectively scavenge these 
elements from the rock. 
 Brachinites.  The brachinite class of meteorites is a rare group of achondrites: 
only 18 samples are known at present, although pairings reduces the number of true  
individuals to 16 at most (Meteoritical Database, accessed June 10, 2011).  Brachinites 
are composed predominately of olivine (79-93%) and all contain high-Ca pyroxene, 
along with plagioclase and orthopyroxene in many of them (Mittlefehldt et al., 2003).  
The olivine composition of brachinites is relatively fayalitic  (Fa29-36, in ten specimens 
from Mittlefehldt et al., 2003) compared to olivine in the PMGs.  Early models of origin 
for brachinites include the metamorphism and oxidation of chondritic material (Nehru et 
al., 1983; 1996), though studies of more recently found brachinites have concluded that 
their petrology and geochemical characteristics indicate an igneous origin (Warren and 
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Kallemeyn, 1989; Mittlefehldt et al., 2003).  However, Sunshine et al. (2007) has 
suggested that based on mafic silicate abundances and the olivine compositions 
(average ~Fa39) in the Rumuruti R chondrite meteorite that there may be little to 
distinguish R chondrites from brachinites in telescopic near IR spectra of asteroids.  
Nevertheless, the mafic igneous characteristics of the small number of brachinite 
samples that exist suggest that they originated from a disrupted differentiated 
asteroid. 
 
Meteoritic Parent-Body Linkages for A-class Objects 
 Progress in the past several decades have made it possible (though difficult) to 
place constraints on the parent bodies for particular meteorite clans.  Annual expeditions 
beginning in the late-1970s to recover meteorites from Antarctica have greatly expanded 
the number and diversity of the terrestrial meteorite collection.  The Antarctic meteorite 
collection alone now includes more than 16,090 objects (Curation: Antarctic Meteorites, 
accessed June 12, 2011).  Improved analytical techniques have made it possible to 
characterize the chemical and isotopic signatures of meteorites with greater resolution 
and precision (Burbine et al., 2002).  The advent of charge-coupled device (CCD) 
detectors has made the mineralogical characterization of asteroid surfaces much more 
straightforward than in the past.  CCD detectors have made possible the collection of 
large quantities of high-quality visible and near-infrared reflectance spectra of asteroids 
of ever decreasing diameters.  As well, spacecraft rendezvous with asteroids (951 Gaspra, 
243 Ida, 253 Mathilde, 433 Eros, 25143 Itokawa, 21 Lutetia among others), high 
resolution Hubble Space Telescope imagery, data from new-generation ground-based 
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telescopes, and radar observations of NEAs have made it possible to resolve 
morphological features on the surfaces of these solar system bodies (Gaffey et al., 2002). 
  From early near-IR spectra of A-class asteroids 246 Asporina and 289 Nenetta, 
Chruikshank and Hartmann (1984) estimated a best overall match for their spectra was 
olivine of a forsteritic composition (Fo60-90 and Fo40-80, respectively).  They suggested 
these asteroids might be candidates for the parent bodies of the Brachina meteorite or the 
pallasite clan.  In addition to recognizing temperature-dependent spectral effects, Lucey 
and Keil (1998) compared previously obtained spectra of four A-class asteroids to 17 
olivine samples from the U.S. Geological Survey (USGS) spectral library, derived an 
olivine composition of Fa10±5, and argued that other olivine-dominated meteorites 
(including brachinites) in the meteorite collection are too fayalitic to be represented by 
the A-class asteroids.  They concluded that the combination of a monomineralic olivine 
silicate assemblage of forsteritic composition for A-class objects is solely represented in 
the terrestrial meteorite collection by the main group pallasites.  Sunshine and Pieters 
(1993) used the MGM technique to estimate the composition of 246 Asporina, and by 
testing against endmember fayalite-forsterite solutions concluded that the olivine 
component of Asporina appears distinctly forsteritic.  Sunshine et al., (1998), suggested 
that both Asporina and 863 Benkoela are Mg-rich (Fo >85).  They concluded in the same 
study that the olivine composition of 289 Nenetta is distinctly intermediate (~Fo69), for 
the first time establishing a possible link between a main-belt asteroid and the brachinite 
meteorites.  Further work by Sunshine et al. (2007) concludes that the majority (7/9) of 
olivine-dominated asteroids studied are forsteritic and therefore sample differentiated 
mantle sources from melted ordinary chondritic material (e.g. pallasites), while 289 
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Nenetta and 246 Asporina are found to be more ferroan and therefore may be comprised 
of olivine from a non-ordinary chondritic source. 
 While the connection of A-class asteroids to certain olivine-dominated meteorites 
(e.g. pallasites, brachinites) appears evident, no clear linkage to a parent body has been 
established at present.  Various workers have invoked a number of pallasite parent bodies 
to explain variations in pallasite petrology and chemistry, and there appears to be no 
consensus on whether one parent body (Greenwood, et al., 2009), three bodies (Wasson 
and Choi, 2003), and to up to seven parent bodies (Danielson et al., 2009) are required.  
Despite the fact that successful parent body linkages have been made between certain 
meteorite clans and the Moon (Lunar meteorites), Mars (SNCs), and the asteroid 4 Vesta 
(HEDs), it remains very difficult to conclusively link most known asteroids to a particular 
meteorite class (Burbine et al., 2002).  Due to the small population of known A-class 
asteroids, inherent complexities in interpreting asteroid reflectance spectra, and 
uncertainties in connecting reflectance spectral signals from the asteroid surfaces 
(regolith) to overall composition, it is clear that much work remains to establish a firm 
connection between olivine-dominated meteorites and their source parent asteroid(s). 
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ANALYTICAL METHODOLOGY 
 
 In order to place better constraints on the relationships between A-class asteroids 
and olivine-dominated achondrite meteorite clans, we have chosen to study: 1) asteroid 
physical properties by collecting photometric telescopic observations, 2) The olivine-rich 
achondrite meteorites have been well characterized geochemically; however, the silicates 
in olivine-rich stony-irons (pallasites) have been less well studied, therefore we have 
chosen to characterize the major and trace element signatures of silicates from two types 
of olivine-bearing achondrite meteorites, pallasites and ureilites.  
 
Photometric Telescopic Observations 
 Six asteroids were selected for photometric study from objects identified as 
taxonomic A-class from the Tholen (Zellner et al., 1985), SMASSII (Bus and Binzel, 
2002) and the Bus extension in the infrared (DeMeo et al., 2009) surveys.  The Mars-
crossing asteroid 1951 Lick (D ~5.6 km) and the NEA McAuliffe (D ~2.4 km) were 
targeted as smaller asteroids that have been less well-studied.  All objects except 3352 
McAuliffe have previously reported rotational periods and for these objects our new data 
is utilized to refine the rotational periods.  Unpublished data (Pravec et al., 2011) for 
3352 McAuliffe yielded a period of 6 hours, but this has not been strongly constrained.  
 Photometric observations (Table 4) were obtained with a 0.4 m Ritchey-Chrétien 
telescope at Egan Observatory, Minor Planet Center (MPC) code H72, located at Florida  
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Gulf Coast University (FGCU).  An Apogee Instruments (AI) Ap7 camera equipped with 
a back-illuminated Scientific Imaging Technologies, Inc (SITe) charged-coupled device 
(CCD) detector with 24 µm square pixels (512 x 512 array) was used to image the 
asteroid and comparison stars.  The CCD detector was typically thermoelectrically cooled 
to ~ -30º C.  This setup yielded an image field-of-view (FOV) of 20 x 20 arcminutes.  
Image integration times were typically 120 s, although some integration times were as 
long as 180 s.  Typically, eight 120 s dark frames and eight zero exposure bias frames 
were acquired at the end of a nights observations.  Photometric images were calibrated by 
subtracting the average bias and dark-frames; dark frame scaling was applied using the 
average bias frame to calibrate images with > 120 s integration times. 
 Photometric observations (Table 4) for the NEA 3353 McAuliffe were obtained 
with the 0.8 m Tenagra II telescope (MPC code 926) located in southern Arizona.  An AI 
Ap8 camera equipped with a back-illuminated SITe CCD detector with 24 µm square 
pixels (1024 x 1024 array) was used to image the asteroid through a clear filter.  
Additionally two sets of B and V filter images were taken of the asteroid and standard 
Landolt field centered at R.A. 20  42 23.0, Dec. +00 17 13.8.  Image integration times 
were 300 s for the asteroid and 40 – 60 s for the Landolt field.  Three 150 s dark frames 
and three zero exposure bias frames were acquired for each night.  Photometric images 
were calibrated by subtracting the average bias and dark frames; dark frame scaling was 
applied to all images.  Flat-field calibration was achieved by building a master clear-filter 
"pseudo-flat” from 18 frames which provides better flat fielding than twilight clear-filter 
flats (personal communication, Holvorcem 2010).  
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Table 4. – Observational circumstances for six taxonomic A-class asteroids.  Telescopic 
observations collected at Egan Observatory except observations for 3352 McAuliffe were 
collected at Tenagra II Observatory.  Abbreviations are; R.A.: right ascension, Dec.: 
declination, ∆: distance from the Earth in astronomical units, r: distance from the Sun in 
astronomical units, Phase: phase angle in degrees, V: visual magnitude. 
 
 Date 
(0 UT) 
R.A. (2000) Dec. 
(2000) 
∆ 
(AU) 
r (AU) Elong. Phase V 
(mag) 
246 
Asporina 
       
2009 04 23 11 51 43.3 +12 02 34 1.722 2.570 139.3 14.8 12.7 
2009 04 24 11 51 22.4 +12 07 34 1.729 2.569 138.3 15.1 12.7 
2009 04 25 11 51 03.0 +12 12 19 1.737 2.568 137.2 15.4 12.7 
2009 04 26 11 50 44.9 +12 16 49 1.744 2.566 136.2 15.8 12.7 
2009 04 27 11 50 28.3 +12 21 03 1.752 2.565 135.1 16.1 12.8 
2009 04 28 11 50 13.1 +12 25 02 1.760 2.564 134.1 16.4 12.8 
2009 04 29 11 49 59.3 +12 28 46 1.768 2.563 133.1 16.7 12.8 
289 
Nenetta 
       
2010 12 10 05 20 56.2 +12 31 07 1.580 2.554 169.1 4.2 12.9 
2010 12 12 05 19 04.0 +12 28 25 1.584 2.558 169.4 4.1 12.9 
446 
Aeternitas 
       
2009 04 23 12 17 25.0 +06 37 43 2.094 2.992 147.6 10.4 13.5 
2009 04 24 12 16 45.1 +06 37 41 2.100 2.991 146.6 10.7 13.6 
2009 04 25 12 16 06.2 +06 37 29 2.106 2.990 145.5 11.0 13.6 
2009 04 26 12 15 28.4 +06 37 09 2.113 2.989 144.4 11.3 13.6 
2009 04 28 12 14 16.2 +06 36 01 2.126 2.987 142.3 11.9 13.6 
2009 04 29 12 13 41.8 +06 35 13 2.134 2.986 141.2 12.2 13.7 
1600 
Vyssotsky 
       
2010 11 08 03 46 35.4 +11 20 05 0.837 1.814 165.7 7.8 13.4 
1951 
Lick 
       
2011 02 26 06 42 24.4 +29 52 35 0.655 1.449 122.1 35.4 16.0 
2011 02 27 06 42 09.7 +30 33 21 0.664 1.448 121.0 35.9 16.1 
3352 
McAuliffe                            
       
2010 06 13 20 02 44.9 -20 03 45 1.607 2.495 143.1 14.1 19.4 
2010 06 14 20 01 57.1 -20 07 34 1.600 2.496 144.3 13.7 19.4 
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Differential Photometry and Lightcurve Analysis 
 Photometric reductions of the CCD images were performed using MPO Canopus 
ver. 9 software, which employs synthetic aperture differential photometry to determine 
the delta magnitude (∆ mag) of the asteroid compared to five reference stars in the same 
CCD image.  The diameter of the synthetic aperture used for analysis was held constant 
for observations obtained during a given night.  Reference stars of similar magnitude to 
the targeted asteroid were selected from the United States Naval Observatory (USNO) 
Star Catalog to perform the differential photometry used in the lightcurve analysis.  
Images obtained for a particular asteroid used the same five reference stars for 
differential photometric measurements throughout observations during a given night. 
 The general techniques for deriving lightcurve periods from asteroid photometric 
measurements are well documented and standardized.  Using a set or multiple sets of 
measured asteroid magnitudes, reduced to unit distance, and a common temporal 
reference frame (corrected for light travel-time), the processing software solves for a 
Fourier harmonic series to derive a best-fit rotational period.  Solutions to the Fourier 
series having most of their power in the even-numbered harmonics are much more likely 
than odd-numbered harmonics.  This is a reflection of the basic physical nature of small, 
elongated solar system bodies, which over the course of a single rotation will generally 
show two maxima and two minima (Whitely et al., 2002).   
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Asteroid Lightcurve Inversion and Shape Modeling 
 Photometric lightcurves are a vital source of information regarding the physical 
properties of asteroids.  Typical asteroid diameters and distances are such that disk-
resolved images can be obtained from Earth for only a very limited number of objects.  
Lightcurves that contain a significant number of photometric measurements and that 
cover a wide range of observing geometries (i.e. solar phase angle ψ) can be used to 
deduce the rotation period, pole orientation, light scattering properties of the surface, and 
the convex shape of an asteroid (Kaasalainen et al., 2001a).  The inversion code 
developed by Kaasalainen et al. (2001b) uses asteroid photometric data to essentially 
build a convex “hull” from triangular facets to produce a three-dimensional shape model 
of the asteroid.  Non-convex features can be resolved from robust data but require very 
large phase angles to be evident from disk-integrated photometric data (Torrpa et al., 
2003).  Concave features such as large impact structures or saddles are seen in the convex 
hull model as large planar sections (Kaasalainen et al., 2001a).  Albedo is assumed to be 
Lambertian and is held constant during the inversion routine.  Once the rotation period, 
pole orientation, and shape are calculated for an asteroid, a synthetic lightcurve can be 
computed for the model (Kaasalainen et al., 2001b).  The robustness of the shape model 
produced for an asteroid can then be tested by comparing the synthetic model lightcurve 
(based on a reference time and geometry) to lightcurves derived from actual photometric 
data.       
 Photometric observations of 446 Aeternitas collected over three apparitions since 
October, 2006 (Table 5) were first analyzed using MPO Canopus to produce 28 
individual lightcurve datasets sets, then these data sets were inverted using the 
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Kaasalainen code (Kaasalainen, et al., 2001a; 2001b) in the LCInvert ver. 2.3 processing 
software.  After a period search function was performed to refine the input rotational 
period of the asteroid, the ecliptic latitude β and longitude λ of the best-fit pole 
orientation is calculated (50 iterations each of 264 test orientations in 15º increments of β 
and λ).  This solution is then refined via the input of the preliminary pole solution and 
recalculation, letting the approximate pole be a free parameter in 50 more iterations.  The 
iteration that produces the lowest relative standard deviation and chi-square value is the 
most probable solution of the pole orientation and convex hull shape model of the 
asteroid. 
 
Table 5. – Observational circumstances for 446 Aeternitas over three apparitions 
beginning in October 2006, a total of 1787 data points collected at Egan Observatory 
were used in the lightcurve inversion technique to produce the shape model the asteroid, 
λpab = ecliptic longitude phase angle bisector, βpab = ecliptic latitude phase angle bisector. 
  
Name Date Range Data 
Points 
Phase λpab βpab V 
(mag) 
Aeternitas 2009 04 23 to           
2009 04 29 
397 10.3 to 
12.1 
186.4 to 
186.5 
6.6 to 
6.3 
13.5 to 
13.7 
Aeternitas 2007 12 13 to 
2008 05 03 
988 11.6 to 
17.6  
111.5 to 
121.5 
11.4 to 
10.4 
13.8 to 
14.9 
Aeternitas 2006 10 26 to 
2006 11 19 
402 6.8 to 
15.3  
18.6 to 
19.9 
-4.8 to   
-3.3 
12.5 to 
13.1 
 
Meteorite Sample Acquisition and Preparation 
 In order to test the geochemical signatures of possible mantle material from 
differentiated asteroids we acquired two suites of achondrite meteorite samples (Table 6) 
for comparison of the major and trace element signatures in olivine grains from 
meteorites that represent different mantle depths in differentiated asteroid(s), ureilites as 
possible mantle residues from the top of mantles, and pallasites as cumulates from the 
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core-mantle boundary.  Many olivine-rich achondrite meteorites have been well- 
characterized geochemically; however, much work has been performed on the whole-
rock or the metal phase - the silicates in olivine-rich achondrite meteorites have been less 
well-studied. 
 Nine pallasites were obtained commercially or from other researchers as whole 
specimens, or as unpolished thick sections (Table 6).  Whole pallasite specimens were cut 
into thick sections using a low-speed petrographic saw with a 5” diamond wafering blade 
using cutting oil as a lubricant in order to avoid oxidation of the specimens.  One surface 
of each thick section was chosen as the analytical surface, the other side of each section 
was ground using aluminum oxide sanding disks to 400 grit (~22 µm) size, then glued to 
standard petrographic slides using epoxy.  The top analytical surfaces of each pallasite 
were first ground using aluminum oxide sanding disks to 600 grit (~15 µm) size, then 
polished to a final surface of 0.25 µm using diamond polishing paste of three 
progressively smaller particle sizes.  Water was not used in any part of the process, and 
instead oil and reagent alcohol were used for the cutting, grinding and polishing stages. 
 Eight ureilite meteorites specimens (Table 6) were obtained from the Antarctic 
Meteorite Working Group (AMWG) of the Johnson Space Center (JSC) which houses the 
extensive collection of U.S. Antarctic Meteorites.  The specimens were prepared at JSC 
as polished thick sections of 100 µm thickness mounted on one-inch acrylic disks.  The 
quality of the polished surface for all pallasite and ureilite specimens was checked with a 
petrographic reflected light microscope before proceeding with geochemical analyses. 
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Table 6. – Pallasite and ureilite meteorites acquired for the geochemical characterization 
of olivine and pyroxene grains. 
 
Meteorite Class Form Number Source 
Pallasites     
Admire Pal WS 1 Commercial 
Brahin Pal US 2 Tornabene 
Brenham Pal WS 2 Ryan / Pasek 
Esquel Pal US 1 Tornabene 
Fukang Pal US 1 Commercial 
Huckitta Pal WS 1 Ryan 
Imilac Pal WS 1 Tornabene 
NWA Unclassified Pal US 1 Pasek 
Seymchan Pal US 1 Commercial 
Ureilites     
ALH77257 Ur PS 1 AMWG 
EET87517 Ur PS 1 AMWG 
EET96042 Ur PS 1 AMWG 
GRA95205 Ur PS 1 AMWG 
GRA98032 Ur PS 1 AMWG 
LAR04315 Ur an. PS 1 AMWG 
MIL090076 Ur  PS 1 AMWG 
PCA82506 Ur PS 1 AMWG 
WS - Whole Specimen; PS - Polished thick Section; US - Unpolished thick Section 
AMWG - Antarctic Meteorite Working Group. 
Ur an. – sample LAR04315 is an anomalous ureilite. 
 
Electron Probe Microanalysis (EPMA) 
 Major elements for silicate phases in pallasite and ureilite meteorites were 
determined by electron probe microanalysis (EPMA), using the remotely operable JEOL 
8900 Superprobe housed at the Florida Center for Analytical Electron Microscopy 
(FCAEM), located at Florida International University (FIU).  Quantitative analyses were 
carried out via wavelength dispersive spectrometry (WDS) using a 15 kV accelerating 
voltage and 20 nA sample current at a spot size of <5 µm.  Standards include both natural 
(diopside, almandine garnet, olivine, rhodonite, labradorite, marcasite, apatite, US 
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Geological Survey standard (BHVO-1) and synthetic (Co metal, chromium oxide) 
reference materials.  Counting times for the major elements were typically 5 s, and as 
long as 15 s for low concentration detection of Ni and Mn in the olivines. The ZAF 
correction protocol built into the JEOL probe software was used in data correction and 
reduction. Electron backscatter (BSE) images were obtained of representative grains 
analyzed from each meteorite specimen.  Major element results for the silicate phases of 
pallasites and ureilite meteorites and one chromite grain from the Brahin pallasite are 
presented in Table 7. 
 
Laser Ablation Inductively Coupled Plasma Mass Spectrophotometry (LA-ICP-MS) 
 Trace element microanalysis in the meteorite samples was performed using a 
CETAC LSX-213TM (213 nm UV) laser ablation system coupled to the PerkinElmer 
ElanTM DRCII quadrupole Inductively Coupled Plasma Mass Spectrometer (ICP-MS) 
instrument maintained in the Center for Geochemical Analysis at the University of South 
Florida (USF).  Elemental abundances were determined for standards and silicate cores 
(olivine and pyroxene) in single point mode for the isotopes: 7Li, 45Sc, 47Ti, 51V, 52Cr, 
55Mn, 59Co, 60Ni, 63Cu, 66Zn, 69Ga, 74Ge, 88Sr, 90Zr, 93Nb, 138Ba, 139La, 140Ce, 142Nd, 152Sm, 
153Eu, 158Gd, 159Tb, 165Ho, 166Er, 174Yb, 175Lu, 181Ta, 208Pb, 232Th, and 238U.  Ablation 
spots were held constant at 100 µm for all silicate grains and standards.  All analyses 
were performed using 20 Hz laser repetition rate with a burst of 1000 shots and at 100% 
laser power output with an ICP RF power of 1500 W.  The mass spectrometer swept over 
the intended mass range while the ablated material was carried via He gas from the 
sample chamber to the mass spectrometer.  
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 As a control on analytical precision, three replicate spots were analyzed for each 
individual silicate grain, and two replicate spots were analyzed for each calibration 
standard.  Three certified US Geological Survey (USGS) glasses made from natural rock 
reference materials (BIR-1G, BCR-2G, and BHVO-2G) were used as calibration 
standards (Appendix B, Table B1).  As a control on accuracy, the three calibration 
standards were also analyzed as unknowns in the middle of an analytical run.  Results for 
standards analyzed as unknowns representative of a pallasite analytical batch and an 
ureilite analytical batch are presented in Appendix C (Table C1). 
 Calibration curves were constructed from two separate analyses of the USGS 
standards, those analyzed at the beginning of each analytical batch and at the end of each 
batch.  An analytical batch was typically run in the following order; three USGS 
standards for calibration, 12–18 spots from a meteorite specimen, the three USGS 
standards analyzed as unknowns, 12-18 spots from a meteorite specimen, and three 
USGS standards for calibration.  Elemental intensities were extracted using CETAC 
DigiLaz II software package by performing integrations of the flat portion of the raw data 
peaks in counts per second (cps) mode using background subtraction.  Trace element 
results for averaged olivine grains from pallasites meteorites are presented in Table 8, and 
trace elements for individual olivine and pyroxene grains from ureilite meteorites are 
presented in Table 9. 
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Table 8. - LA-ICP-MS analysis of trace elements for pallasite olivine cores, results from 
individual grains averaged for each meteorite sample, n = the total number of laser spots 
analyzed, all concentrations in µg/g. 
 
 
p.r. - poor (r2)
 
correlation coefficient from calibration curve or poor analytical precision. 
 
47Ti, 63Cu, 69Ga, 74Ge, 88Sr, 90Zr, 93Nb, 138Ba, 139La, 140Ce, 142Nd, 152Sm, 153Eu, 158Gd, 
159Tb, 165Ho, 166Er, 174Yb, 175Lu, 181Ta, 208Pb, 232Th, and 238U masses also scanned during 
LA-ICP-MS analysis (see Appendix A), these elements were all below detection limits in 
pallasite olivines (47Ti and 63Cu - calibration range discrepancy) and are not reported.    
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RESULTS 
 
Taxonomic Classification and Orbital Distribution of A-class Asteroids 
 Taxonomic data and orbital elements were extracted from the Jet Propulsion Lab 
(JPL) Small-Body Database (JPL Small-Body Database, accessed June 12, 2011) 
searching for Tholen A-class (7 matching objects) and Bus SMASSII A-class asteroids 
(12 matching objects).  The S3OS2 survey was searched for A-class objects.  Lazzaro et 
al. (2004) classified each asteroid in the survey according to the two major taxonomic 
(Tholen and Bus) schemes, and this led to several A-class objects with two different 
spectral classifications from within this study.  We chose to include only S3OS2 A-class 
objects using their Bus classification scheme (7 matching objects) for two reasons; the 
Tholen classifications were deemed “Tholen-like” just by a visual comparison with 
templates of the Tholen classes, and the Bus taxonomy built on the work of the Tholen 
taxonomy and is the more modern and widely-recognized taxonomic classification 
scheme.  The DeMeo et al. (2009) near IR survey was searched for A-class objects 
adding 6 asteroids, including the large (155 km) asteroid 354 Eleonora, which had been 
classified as S-class in three previous surveys.  Duplicates were removed, leaving 26 
objects (Table 10). 
 An important outcome of the DeMeo et al. (2009) survey is the improvement in 
resolution and spectral coverage over previous visible light surveys.  The extension of the 
spectral coverage to 2.45 µm allows for the distinction of pyroxene from olivine due to 
 35
the overlap of absorptions near 1 µm (Figure 2), and thus allowing improved 
mineralogical interpretation of asteroid spectra.  Two important points regarding the 
paucity of A-class objects are apparent from the three previous surveys and the DeMeo 
survey.  First, as the number of asteroids surveyed increases and more spectra of smaller 
objects are recorded, the number of A-class objects is not increasing.  Second, as spectra 
of better quality and broader wavelength coverage reveal more diagnostic mineralogical 
features (e.g. DeMeo et al., 2009), the number of A-class objects recognized is 
decreasing.  The DeMeo survey observed over half (15/26) of the A-class objects 
recognized from previous surveys and nine of these asteroids were “declassified” from 
the DeMeo spectral data (Table 10) and found to be members of an S-class subtype (8 
objects) or L-class (1 object). 
 As apparent from Table 10 there are several asteroids where there are differences 
in spectral classification between the surveys.  Only six asteroids are classified as A-type 
from two or more of the four surveys.  Classification of 1747 Wright as an A-class 
asteroid remains tentative based on observation in only two colors from the ECAS 
survey.  Based on the significant improvement in quality and spectral range of the 
DeMeo survey, where there are differences regarding spectral class for objects observed 
in multiple surveys, we recognize the DeMeo classification and only used these results to 
‘declassify” an asteroid from the number of known A-class objects (Table 10). 
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Table 10. – Proper orbital elements and taxonomic classification of A-class asteroids 
compiled from four different taxonomies, the DeMeo et al. (2009) data had the most 
complete spectral coverage and therefore was the only taxonomy used to “declassify” A-
class objects from previous taxonomies, using this scheme nine A-class asteroids are 
removed from the class, the classification of 1747 Wright as an A-class object is very 
tentative based on only two color indices from ECAS. 
 
Full Name a (AU) e i (deg) Tholen Bus S3OS2** DeMeo 
246 Asporina 2.6970 0.1065 15.6409 A A L A 
289 Nenetta 2.8715 0.2059 6.6973 A A  A 
354 Eleonora 2.7992 0.1146 18.3930 S Sl S A 
446 Aeternitas 2.7872 0.1248 10.6260 A A  A 
863 Benkoela 3.1988 0.0348 25.3955 A A  A 
1600 Vyssotsky 1.8488 0.0372 21.1735  A A  
1747 Wright 1.7090 0.1105 21.4159 AU:* Sl Ld  
1951 Lick 1.3905 0.0616 39.0909  A   
2234 Schmadel 2.6986 0.2013 25.2335  A   
2423 Ibarruri 2.1882 0.2833 4.0559  A   
2501 Lohja 2.4225 0.1945 3.3151 A A  A 
2975 Spahr 2.2480 0.0956 6.8991   A  
3043 San Diego 1.9264 0.1064 21.7899   A  
3352 McAuliffe 1.8786 0.3695 4.7739  A Sq  
4142 Dersu-Uzala 1.9113 0.1514 26.4924  A   
4375 Kiyomori 2.2930 0.1051 5.8612   A  
4982 Bartini 2.7788 0.1816 4.6247  A   
Tholen/Bus/S3OS2 A-class declassified by DeMeo    
1126 Otero 2.2719 0.1462 6.5041  A  Sw 
1658 Innes 2.5605 0.1810 9.0783 AS:*   Sw 
1980 Tezcatlipoca 1.7094 0.3650 26.8625 Sl SU A Sw 
2715 Mielikki 2.7356 0.1536 6.7498  A  Sw 
2732 Witt 2.7613 0.0263 6.4973  A  L 
3635 Kreutz 1.7947 0.0844 19.2237 S  A Srw 
3873 Roddy 1.8922 0.1338 23.3564 S  A Sw 
4713 Steel 1.9264 0.0734 22.6695  A Sl Sw 
5641 McCleese 1.8198 0.1262 22.2039  A  Sw 
*used only two color indices 
** S3OS2 survey classification using Bus scheme 
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Figure 3. – Distribution of proper orbital elements for 25 olivine-dominated asteroids, 16 
recognized A-class asteroids (Table 10, 1951 Lick omitted for clarity), and nine asteroids 
previously classified A-class objects (Tholen, Bus, and S3OS2), 10 objects reside inside 
the main-belt at a <2.0 AU, note the cluster of high i objects at ~ 1.8 AU.  Gray line 
depicts the J5:2 Jupiter resonance. Orbital data is from the JPL Small-Body Database. 
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 Figure 3 shows the distribution of proper orbital elements (a, e, i) of olivine-
dominated A-class asteroids from the four taxonomic classifications discussed in this 
study (Mars-crosser 1951 Lick omitted for clarity).  Several significant observations are 
apparent.  Ten A-class objects reside inside (a < 2.0 AU) the main-belt which is roughly 
defined as (2.0 AU < a < 3.5 AU) (Bottke et al., 2006), and there is a lack of objects 
(only 2) with a > 2.8 AU in the outer asteroid belt.  There is a small population of objects 
in the vicinity of the J5:2 Jupiter mean-motion resonance in the central main-belt region.  
Figure 3 also shows a cluster of small (D < ~13 km) high inclination objects at a ~1.8 
AU, a zone of stable orbital space populated by the Hungaria group of ~5000 known 
asteroids.  The Hungaria orbital space is roughly defined by the proper orbital elements; 
semimajor axis (1.78 < a < 2.0), eccentricity (e < 0.18), and inclination (16 < i < 34) 
(Warner et al., 2009a).  This orbital space is populated by members of the Hungaria 
family, named after 434 Hungaria, the presumed largest fragment (D ~11 km) of a 
collisional family of mainly X-class (Tholen E) small asteroids. Warner et al. (2009a) 
suggests that the distribution of S-class asteroids (17%, n = 367) is more randomly 
distributed in Hungaria orbital space while the X-class objects (77%) dominate  the 
defined collisional family with only a few outliers.  Interestingly, seven of the nine high 
inclination olivine-dominated asteroids clustered in Figure 3 occupy the Hungaria orbital 
space: three A-class objects, and four reclassified by DeMeo et al. (2009) as an S-class 
subtype. 
 Although the number of A-class asteroids presently recognized is insufficient to 
draw any statistically significant conclusions, a question does arise as to whether or not 
some of these olivine-dominated objects are interlopers to Hungaria orbital space and/or 
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the inner main-belt, indicating a possible dynamical mechanism that transports them from 
other regions.  Alternatively, these objects may be mantle fragments of a possible small 
differentiated Hungaria parent body. 
 
Asteroid Lightcurves 
 The derived lightcurve rotational periods for five asteroids (Figure 4 and Table 
11) are in reasonable agreement with previous results found and referenced from the 
Asteroid Lightcurve Database (LCDB) (Warner et al., 2011).  Two of these asteroids, the 
NEA 3352 McAuliffe (D ~2.4 km), and the Mars-crossing asteroid 1951 Lick (D ~5.6 
km) are possible examples of small mantle fragments from disrupted asteroids that have 
been ejected from the main-belt and may represent a larger population of small A-class 
objects.  3352 McAuliffe was observed on 2010 June 13 and 14 for a duration of ~6.5 h 
with the 0.8 m Tenagra II telescope (Table 4).  The low S/N ratio in the data due to the 
faint magnitude (V = 19.4 mag) of the object at the time of the observations, and the short 
duration of data coverage of ~6.5 h precluded the determination of a rotational period for 
this object. 
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Table 11. – Rotational periods and amplitudes for five A-class asteroids.  Abbreviations 
are; P.E.: Period Error, Amp.: Amplitude, Refs.: References for previously determined 
rotational periods. 
 
Asteroid Date Range Data 
Points 
Phase 
Angle 
Period 
(h) 
P.E. 
(h) 
Amp. 
(mag) 
Refs. 
246 
Asporina 
04/23/09 to 
04/29/09 
433 14.7 – 
16.6 
16.234 0.001 ~0.25 a 
289 
Nenetta 
12/10/10 to 
12/12/10 
164 4.1 –  
4.0 
6.914 0.003 ~0.18 b 
446 
Aeternitas 
04/23/09 to 
04/29/09 
402 10.3 – 
12.1 
15.740 0.003 ~0.40 c, d, e 
1600 
Vyssotsky 
11/08/2010 101 7.7 3.201 0.005 ~0.21 f, g 
1951     
Lick 
02/26/11 to 
02/27/11 
144 35.3 – 
35.8 
5.317 0.001 ~0.33 h, i 
a Harris and Young, 1983 
b Barucci et al., 1992 
c,d,e Florczak et al., 1997; Fauerbach et al., 2008; Behrend, 2011 
f, g Warner et al., 2006; Warner, 2011 
h, I Warner, 2009; Pravec et al., 2011 
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Figure 4. – Composite lightcurves for five A-class asteroids. a.) 246 Asporina b.) 289 
Nenetta c.) 446 Aeternitas d.) 1600 Vyssotsky e.) 1951 Lick.  The sinusoidal shape of the 
lightcurves reflects the typical tri-axial ellipsoidal shape of small solar system bodies.  A 
more accurate period has been obtained for 446 Aeternitas (Table 12) using these results 
in addition to results from two previous apparitions. 
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Shape Model of 446 Aeternitas 
 The A-class asteroid 446 Aeternitas (D = 45.4 km) has a distinctly angular shape 
and is slightly elongated (Figure 5).  Several planar areas in the convex shape model 
suggest concavities, possibly large craters or saddles.  These features suggest that 446 
Aeternitas is more likely to be a collisional fragment than an intact object.  The solution 
for the pole orientation of β = +49º, λ = 342º (Figure 6 and Table 12) clearly stood out 
from 264 trial orientations with no mirror pole solution apparent.  Typical errors for 
ecliptic latitude and longitude values using robust photometric data are ± 5º for this 
method; this error estimate is based on comparisons with in situ spacecraft exploration of 
asteroids and from laboratory experimental data (Kaasalainen et al., 2005).  Twenty-eight 
input lightcurves measured over three asteroid apparitions were used during the inversion 
process to determine a refined rotational period of 15.737496 ± 0.000005 h (Table 12).  
As a test of the robustness of the convex shape obtained for the asteroid actual lightcurve 
sets were compared to the synthetic model lightcurve, and the fits obtained matched the 
synthetic lightcurve very closely (Figure 7). 
 
Table 12. – Parameters for the observations and derived shape model of 446 Aeternitas. 
Asteroid β λ Per. (h) Obs. 
Years 
Phase 
Range 
Nlc rms ∆ 
(mag) 
        
446 Aeternitas +49º 342º 15.737496 2006-09 6.8º-17.6º 28 0.013 
β and λ are the ecliptic latitude and longitude of the pole, typical errors of β and λ are ± 5º 
Obs. Years - the length of the observations span, see also Table 4 
Nlc denotes the number of lightcurves used 
rms ∆ - the rms deviation of the model fit 
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Figure 5. – The shape model of 446 Aeternitas, shown at an equatorial viewing and 
illumination geometry, shown with rotational phases 180º apart, the IRAS determined 
diameter of Aeternitas is 45.4 km for scale. 
 
 
Figure 6. – Shape model of 446 Aeternitas shown in ecliptic view with the derived pole 
solution (z-axis) of β = +49º, λ = 342º indicated.  In this view the observer and asteroid 
are on the ecliptic plane (asteroid on ascending or descending node of orbit) and the 
phase angle is 0º.  The IRAS determined diameter of Aeternitas is 45.4 km for scale. 
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Figure 7. – Lightcurve fits for measured photometric lightcurves (red dots) as compared 
to the synthetic model lightcurve (black curve) for two observation dates, 2006 10 26 and 
2007 12 22.  Good lightcurve fits indicate robustness of the model solution. 
 
Pallasite and Ureilite Petrology 
 Pallasites.  Nine stony-iron pallasite samples (Table 6) investigated in this study 
were prepared as polished thick sections, most samples with a polished area of ~1 cm2.  
These pallasites have experienced a varying degree of weathering: the Admire, Huckitta, 
and NWA unclassified specimens appeared the most weathered, while prepared thick 
sections of Brahin, Esquel, and Fukang exposed fairly fresh olivine grains.  Pallasites 
2006 10 26 
Phase angle = 6.8º 
2007 12 22 
Phase angle = 9.0º 
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typically contain roughly 60 – 70 vol% olivine and 30 – 40 vol% FeNi metal (Buseck, 
1977), and our samples are consistent with these proportions.  Olivine grain sizes range 
from sub-millimeter scale up to 2 cm. 
 Because the focus of this study is to geochemically characterize the olivine grains, 
the metallic phases were not extensively studied.  Metallic and oxide phases observed in 
these pallasites included; FeNi metal (kamacite and taenite - not analyzed), chromite, 
troilite, and schreibersite.  The Brahin pallasite contained euhedral chromite that occurred 
next to olivine, with the contacts between the grains generally taking on the shape of the 
olivine, with the well-developed chromite crystal faces pointing away from the olivine 
(Figure 8b).  These relations suggest that the chromite crystallized after the olivine 
(Buseck, 1977).  One chromite grain from the Brahin pallasite was analyzed for major 
elements via EPMA (Table 7).  The NWA unclassified pallasite contained schreibersite 
that was qualitatively identified using Energy Dispersive X-ray Spectrometry (EDS). 
 Olivine was the only silicate phase observed in all but the unclassified NWA 
specimen, which contained abundant angular quartz grains that were concentrated in 
millimeter scale veins.  We interpret the quartz grains as terrestrial in origin, which have 
been incorporated into veins of weathered oxides in this specimen.  Texturally the olivine 
grains varied from subhedral to euhedral and angular to sub-rounded grains (Figure 8).  
Huckitta and Seymchan contained both angular and sub-rounded olivines (Figures 8f and 
8h).  The pallasites containing sub-rounded olivines appeared to have the olivine grains 
with the highest degree of fracturing (Brenham and Huckitta; Figures 8c and 8f). 
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Figure 8. – BSE images of eight pallasite meteorite specimens (NWA unclassified 
pallasite not depicted), abbreviations are olv: olivine, chr: chromite, FeNi: iron-nickel 
metal (kamacite and taenite), tro: troilite. a.) Admire olivines display a subhedral and 
fractured texture with thin veins of metal filling the fractures. b.) the Brahin pallasite 
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contains euhedral chromite grains, and subhedral to euhedral angular olivine grains. c.) 
the Brenham pallasite displays sub-rounded, fractured olivine grains. d.) the Esquel 
pallasite contains subhedral, angular olivine grains. e.) a Fukang olivine displaying an 
inclusion of troilite, the one large olivine grain has a sub-rounded texture. f.) Huckitta 
pallasite olivines are sub-rounded to angular and are extensively fragmented. g.) Imilac 
pallasite displaying sub-rounded olivine texture. h.) Seymchan contains sub-rounded to 
angular olivine grains. 
 
 Ureilites.  Eight ureilite samples investigated in this study (Figure 9 and Table 6) 
were prepared as 100 µm polished thick sections obtained from the Antarctic Meteorite 
Working Group (AMWG) of the Johnson Space Center (JSC).  Weathering of the ureilite 
samples is variable, most samples show minor to moderate weathering of metal particles, 
while sample EET87517 shows extensive weathering (Figure 9b).  Olivine (~80 vol%) 
and low-Ca clinopyroxene (~15 vol%) comprise the major mineral phases, and all 
samples contain interstitial carbonaceous material (~ 5 vol%) which is typically graphite, 
but may contain diamond and accessory metals, sulfides, and minor fine-grained silicates 
(Bischoff et al., 2010).  Although pigeonite with inclusions of subcalcic augite have been 
documented in sample LAR04315 (Antarctic Meteorite Classification Database - AMCD, 
accessed June 24, 2011), no pyroxene grains were evident in this specimen during our 
examination with a petrographic microscope and during EPMA analysis.  Possible 
diamond was observed in LAR04315 within the interstitial carbonaceous material (Figure 
9f). 
 Olivine and clinopyroxene are coarse-grained and typically range from 1 – 3 mm, 
although sample EET87517 has finer-grained olivine and pyroxene, typically sub-
millimeter in size and are texturally more rounded than in the other ureilite specimens 
(Figure 9b).  Texturally the ureilites consist mainly of anhedral to subhedral olivine (~80 
vol%) and pyroxene (~15 vol%).  The olivines displayed reduced rims that are a 
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characteristic feature of ureilites (Figure 10), resulting from high-temperature reduction 
of the rims (Zolensky et al., 2010).  We performed transects during EPMA analysis 
across olivines grains (~1 to 2 mm) from several of the ureilites and rims proved to be 
more forsteritic than the cores, but this variation was typically limited to a very narrow 
distance from the rim (< ~200 µm).  To determine average Fa/Fo composition of olivine 
cores (Table 7) from multiple EPMA analytical spots from the same sample we omitted 
analyses obtained within ~200 µm of the rims.  Individual grains are rimmed by 
moderately-weathered carbon-rich material containing traces of metal.  Large olivine 
grains in samples GRA95205 and GRA98032 have been converted into mosaics of tiny 
grains, indicative of shock (AMCD, accessed June 24, 2011) (Figures 9d and 9e).  To 
better characterize the silicate cosmochemistry of ureilites, we analyzed select pyroxene 
grains along with the olivines during major and trace element analyses (Tables 7 and 9). 
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Figure 9. (above) – Photomicrographs in crossed-polarized light of eight ureilite 
meteorite specimens.  1000 µm scale indicated, 20x magnification for all 
photomicrographs.  Birefringence colors are higher-order relative to 30 µm thin sections 
as the samples are 100 µm thick.  Carbonaceous material rims olivine and clinopyroxene 
grains in all eight samples. Abbreviations are olv: olivine, cpx: clinopyroxene, C: carbon, 
dia, diamond. a.) ALH77257 consists almost entirely of anhedral to subhedral olivine and 
clinopyroxene. b.) EET87517 displays a close-packed aggregate of sub-rounded to 
subhedral olivine and pyroxene grains, weathering is extensive in this specimen.  c.) 
EET96042 consists of olivine and clinopyroxene grains up to 3 mm across.  d.) 
GRA95205 olivines display mosaic texture, presumably formed by shock; the 
clinopyroxene crystals appear to be unaffected. e.) GRA98032 olivines also display a 
mosaic texture. f.) LAR04315 consists of large olivine grains up to 3 mm across, possible 
diamond phase indicated, this meteorite is an anomalous ureilite (AMCD, accessed June 
24, 2011). g.) MIL090076 consists of olivine and clinopyroxene grains up to 2 mm 
across. h.) PCA82506 consists of olivine and clinopyroxene grains up to 2 mm across. 
 
 
Figure 10. – BSE image of ureilite PCA82506 showing zoned olivines.  Ureilite olivines 
analyzed in this study typically display reduced rims that are more forsteritic than their 
cores.  Interstitial carbonaceous material surrounds olivine and clinopyroxene grains.  
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Major Element Cosmochemistry 
 Averaged major element mineral compositions for pallasite olivines are presented 
in Table 7.  Typically three olivine grains (cores) were analyzed for each prepared 
pallasite specimen, although the Fukang specimen presented only one olivine grain for 
analysis.  Olivine compositions for the nine pallasite samples range from Fa10.5 – Fa13.4, a 
narrow range that is typical of PMG olivines.  MnO ranges from 0.16 – 0.31 wt%, while 
neither CaO nor Cr2O3 were detected via EPMA. 
 Averaged major element mineral compositions for ureilite olivine and pyroxenes 
are presented in Table 7.  Typically three olivine grains (cores) and one pyroxene grain 
(core) were analyzed for each ureilite specimen.  Olivine and pyroxene core compositions 
tended to be homogeneous within grains and between grains within the same meteorite; 
however, olivine compositions between different ureilites were much more variable than 
pallasite olivine, ranging from Fa8.5 – Fa22.1.  MnO ranges from 0.23 – 0.48 wt%, and the 
ureilite olivines have high Ca and Cr2O3 concentrations; CaO ranges from 0.28 – 0.41 
wt%, and Cr2O3 ranges from 0.35 – 0.93 wt%.  Pyroxenes (cores) are all low-Ca 
pyroxenes with a compositional range (Wo5.1 - 9.4 En74.3 - 86.9 Fs7.9 - 19.1).  Following the 
nomenclature of Morimoto et al. (1988) these are classified as pigeonites.  MnO ranges 
from 0.20 – 0.46 wt%, and Cr2O3 ranges from 0.53 – 1.25 wt%. 
 Figure 11 demonstrates a positive correlation of Fe/Mn with Fe/Mg ratios of 
olivine and pigeonite cores in the ureilites, that suggest that they are related by fractional 
crystallization/melting processes, while pallasite olivines show a very narrow range of 
MgO compositions, with Mn behaving as a Henry's Law trace element under equilibrium 
conditions between olivine crystals and liquid (FeNi metal). 
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 Goodrich et al. (1987) describe the ureilites as possible cumulates and favored a 
reduction process that causes the amount of FeO to change, which we observe, while the 
ratio of the lithophile elements Mn/Mg is not altered.  Singletary and Grove (2006) 
describe the ureilites as residues of partial melting and invoke a smelting reaction 
(Equation 2) to explain their petrogenesis. 
 
 olivine + liquid + carbon → pigeonite + Fe metal + CO (gas)  (2) 
 
This hypothesis requires the MgO content of the silicate phases to increase as Fe metal is 
sequestered with increasing partial melting.  This relationship is observed in the trend 
shown in Figure 11. 
 In Figure 12, a plot of MgO versus SiO2, both ureilite olivines and pigeonites 
show slightly positive trends with significant increases in MgO content, consistent with 
the progressive extraction of Fe-rich melts, while the pallasite olivines cluster as nearly a 
single point, suggesting that complete chemical equilibrium conditions pertained between 
the crystallizing olivines and a melt phase.  The similarity of olivine compositions among 
the pallasite olivines suggest that they originate from the same magmatic system. 
 Figure 13, a plot of MnO versus SiO2, displays distinct fields of MnO 
concentrations for pallasite olivines and for ureilite olivines and pigeonites.  Mn behaves 
as a Henry’s law trace element in both the pallasite and ureilites silicates, and thus 
preserves large variations as a function of changing values of melt fraction during 
crystallization and/or melting.  Mn displays a larger range of values in the ureilite 
silicates, consistent with their derivation as fractional crystallization/melting residues.  
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Figure 11. – FeO/MnO (wt%) versus FeO/MgO (wt%) for individual grains of pallasite 
olivine, ureilite olivines, and ureilite pyroxene (pigeonite).  Ureilites display a positive 
trend due to fractional crystallization/melting processes that are not apparent for the 
pallasite olivines, which have a very narrow range of MgO composition (Table 7), while 
Mn is enriched through equilibrium conditions between melt and crystals. 
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Figure 12. – MgO (wt.%) versus SiO2 (wt.%) for individual grains of pallasite olivine, 
ureilite olivine, and ureilite pigeonite, for ureilites MgO composition varies positively in 
the residue via fractional processes for the ureilites, while pallasite olivine MgO 
concentrations are controlled by equilibrium with the surrounding melt (FeNi metal).  
Ureilite pigeonites show the same fractional trend as the olivines but these trends are 
offset due to stoichiometry. 
 
 
 Ureilite olivines have unusually high Ca contents, and the olivine cores from the 
eight studied ureilites have relatively uniform CaO contents of ~0.3 wt% (~2100 ppm Ca) 
(Figure 14).  Ca concentrations are consistent between individual grains and between 
different ureilites (Figure 14).  Ureilite olivine grains separate into two domains, one with 
FeO contents of <10 wt%, and another with FeO content >12 wt%.  Pallasite olivine 
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cores typically contain ~200-300 ppm Ca (Tomiyama and Huss, 2006), but was not 
detected via EPMA analysis of pallasite olivines in this study (Figure 14).  Interestingly, 
pallasite olivine FeO concentrations largely populate the "gap" in FeO for ureilite 
olivines. 
 A significant difference exists in the pattern of olivine compositions between 
chondrites and the igneous achondrites.  In chondrites, those which are the least olivine-
rich have the most magnesian olivines, and the most olivine-rich chondrites include the 
most ferroan olivines (Sunshine et al., 2007).  The inverse of this is true for the 
achondrites, as melting of chondritic material produces partial melts that are enriched in 
plagioclase and pyroxene components that are more ferroan than their residues.  
Therefore, the proportion of olivine in the residue increases and the composition of the 
olivine becomes more magnesian as partial melting proceeds (Figure 15) (Sunshine et al., 
2007).   This relationship demonstrates that mantle material produced during the igneous 
differentiation of ordinary chondrites will be olivine-rich, with highly magnesian olivine 
compositions.  This MELTS model results are consistent with the highly magnesian 
(Fa10-13) olivine compositions and the absent or minor low-Ca pyroxene abundances of 
pallasites, which can be produced during differentiation as residues of ~45–70% partial 
melting, at temperatures between 1400–1500 ºC (Figure 15).  Although this model 
produces abundances of olivine (~60-80%) relative to low-Ca pyroxene (~15-30%) 
common to the ureilites (Berkley et al., 1980), the highly variable olivine composition of 
ureilites (Fa8.5 – Fa22.1, this study), makes it difficult to explain possible partial melting 
trends of the ureilites with this model.  This suggests that the starting composition of the 
chondritic source material is different for these two meteorite classes. 
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Figure 13. – MnO (wt.%) versus SiO2 (wt.%) for individual grains of pallasite olivine, 
ureilite olivine, and ureilite pigeonite.  Distribution shows the variable concentrations of 
Mn in pallasite olivines and ureilite olivines and pigeonites.  Mn concentrations tend to 
be more variable in the ureilite silicates.  
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Figure 14. – CaO (wt%) versus FeO (wt%) for individual grains of pallasite olivine, 
ureilite olivine, and ureilite pigeonite.  Ureilite olivines display a “gap” where pigeonite 
crystallizes.  Pallasite olivines CaO concentration is below detection level of the EPMA 
method used for analysis.  
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Figure 15. – Modeled melting (MELTS program, model from Sunshine et al., 2007) with 
a starting composition of an H-chondrite.  As partial melting and temperature increase, 
the abundance of olivine in residue increases, and the amount of low-Ca pyroxene 
decreases.  Composition of the olivine becomes more forsteritic as partial melting and 
temperature increase, explaining the lithology and magnesian nature of the pallasite 
meteorites.  Figure adapted from Sunshine et al., 2007. 
 
 
 
Pallasite olivine 
Pallasite olivine 
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Trace Element Cosmochemistry 
 Trace element data for pallasite olivine are presented in Table 8; averaged results 
from multiple grains have been reported for each meteorite sample.  Olivine Ni (10-36 
µg/g) and Co (3.6-9.0 µg/g) contents for pallasites analyzed in this study are typical for 
PMG olivines.  Unusually high Ni and Co concentrations for the Seymchan (Figure 8h) 
and NWA pallasites may indicate that these analyses were affected by small inclusions or 
veins of FeNi metal.  Trace element data for individual olivine and pyroxene grains from 
ureilites are presented in Table 9.  Several transition metals (V, Cr, Mn, Ni, and Zn) have 
significantly higher concentrations in ureilite olivines relative to pallasite olivines.  
Individual grain data from pallasites and ureilites are plotted in Figures 16 - 20. 
 Figure 16 presents a plot of Li versus Ni to discriminate petrogenetic trends for 
pallasite olivines, ureilite olivines, and ureilite pigeonites.  Ni is highly compatible in 
olivine and moderately compatible in low-Ca pyroxenes, while the lithophile element Li 
is incompatible.  The ureilites form a distinct inverse trend, which we interpret as due to 
partial melting effects on the ureilite silicates.  By contrast, the pallasite olivines have 
lower Li and much lower Ni concentrations, and form a near-vertical positive array.  
 Figure 17 shows a plot of Cr versus Ni.  Cr is moderately compatible in olivines 
and low-Ca pyroxenes in silicate systems,   Pallasite olivines are low in Cr of (~100-300 
µg/g), and show very little variation, while ureilite olivines and pyroxenes are 
significantly higher in Cr and form a broad inverse array.  The observed trends here are 
similar to those in Figure 16, suggesting that the relationship of Ds/l  between Cr and Ni is 
similar to that between Li and Ni. 
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Figure 16. – Li (µg/g) versus Ni (µg/g) for pallasite olivine, ureilites olivine, and ureilites 
pigeonite.  Ureilite silicates display a negative trend and show evidence for 
melting/fractionation, while pallasite olivines are less variable but point to the 
equilibrium conditions between the crystallizing olivine, and coexisting silicate melt and 
FeNi melt, preserving limited and low trace element variations recording high values of 
melt fraction. 
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Figure 17. – Cr (µg/g) versus Ni (µg/g) for pallasite olivine, ureilite olivine, and ureilite 
pigeonite, ureilite olivines are significantly enriched in Cr relative to olivines, the same 
trends are apparent as from Figure 16. 
 
 In Figures 18 and 19 we present plots of the incompatible element V and 
moderately incompatible element Mn (respectively) versus the moderately compatible 
element Cr.  Both elements also show positive correlations with Cr for both the ureilite 
and pallasite silicates, though pallasite abundances of V are far lower than those in 
ureilites.  These trends are consistent with progressive melting or crystallization 
processes in silicate systems, in which olivines and pyroxenes are segregated from the 
melt as differentiation proceeds.  The much smaller range and lower V concentrations in 
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pallasite olivines is consistent with an equilibrium process, while the larger ureilite range 
is consistent with a more fractional process.  
Figure 18. – V (µg/g) versus Cr (µg/g) for pallasite olivine, ureilite olivine, and ureilite 
pigeonite.  V and Mn in pallasite olivines are consistent with equilibrium conditions, 
while a more fractional crystallization/melting trend is preserved in ureilite olivines and 
pyroxenes.   
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Figure 19. – Mn (µg/g) versus Cr (µg/g) for pallasite olivine, ureilite olivine, and ureilite 
pigeonite.  The same trends are apparent as from Figure 18. 
  
 Figure 20 plots Co, commonly a compatible element in Mg-rich silicate systems, 
versus the incompatible lithophile element Li.  Pallasite olivines and ureilite silicates 
show distinct positive trends, suggesting both DLi and DCo are <1.0 in these systems.  The 
differences in slope related to the markedly lower Co abundances in pallasites. 
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Figure 20. – Co (µg/g) versus Li (µg/g) for pallasite olivine, ureilite olivine, and ureilite 
pigeonite.   
 
 
 Trace element systematics in pallasite and ureilite olivines reveals major 
differences in the igneous petrogenesis of these meteorite clans.  Trace element behavior 
in olivines from pallasite meteorites is consistent with a model of slow, in situ cooling 
and crystallization, allowing for continuous equilibrium interaction between the 
crystallizing olivine, and coexisting silicate melt and FeNi melt, preserving uniform 
olivine major element compositions, and limited and low trace element variations 
recording high values of melt fraction.  Siderophile trace elements show anomalous 
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variation patterns versus lithophile elements because of a strong partitioning effect into 
the Fe-Ni melt phase. 
 Ureilite olivines are uniformly more enriched in lithophile elements like Ca, Li, 
Sc, V, and Cr as well as siderophile elements Ni, and Mn relative to pallasite olivines.  
Crystal/melt fractionation processes are clearly evident for ureilite silicates which points 
to the effective nearly-instantaneous removal of the melt during crystallization, this 
process corroborates the model of their origin as partial melting resides.  Trace element 
signatures in olivines from pallasite and ureilite meteorites reveal significant differences 
in the processes controlling their behavior and can be used to distinguish between these 
two classes of achondrite meteorites. 
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DISCUSSION 
 
 Spectroscopic observations of asteroids during the past several decades and the 
paucity of olivine-dominated achondrites in the meteorite collections have raised the 
puzzling question; where is the mantle material from differentiated asteroids?  The 
existence of metallic asteroids and evidence from iron meteorites has made it clear that 
differentiation occurred on at least ~100 asteroids (Keil, 2000).  However, questions such 
as: where in the primitive solar nebula did differentiation of asteroids take place?  And, 
what is the minimum size necessary for asteroid differentiation? are not currently 
understood. 
 Observations have revealed a broad taxonomic distribution among large main-belt 
asteroids where the C-class objects, believed to represent the primitive carbonaceous 
chondrite meteorites, occupy the outer main-belt, while the S-class asteroids, believed to 
represent slightly metamorphosed, primitive ordinary chondrites, occupy the inner main-
belt (Mothé-Diniz et al. 2003).  It is reasonable to conclude that if this trend is extended 
inward towards the Sun, planetesimals interior to the main-belt experienced significantly 
more heating than C- and S-class asteroids.  It may then be possible that differentiation of 
asteroids occurred interior to the main-belt, where higher temperatures and faster 
accretion of the primordial solar nebular material allowed differentiation of smaller 
planetesimals than in the main-belt region, where planetesimals as large as ~500 km may 
have been required for differentiation (Bottke et al., 2006).  Dynamical modeling of the 
 67
evolution of early solar system planetesimals (Bottke et al., 2006) has shown that 
interactions with developing protoplanets can scatter some of these planetesimals into the 
main-belt of asteroids.  Therefore, conventional wisdom that all asteroids formed in the 
main-belt region may not be the correct view. 
 One possible scenario to explain the missing mantle paradox is that the olivine 
mantle material has been stripped away by collisions and only remains as small (< ~5 
km) fragments (Xu et al, 1995; Burbine et al, 2000).  Examination of taxonomic data 
from four asteroid surveys has not revealed more olivine-dominated A-class taxonomies 
as surveys reach objects of smaller sizes.  However, few spectroscopic observations of 
asteroids <5 km in diameter have been obtained; more observations of objects of these 
sizes would allow this scenario to be further explored.  These spectral observations are 
difficult to obtain however, as asteroids of this size have high absolute magnitudes 
(fainter).  The small sizes (<13 km) of most A-class asteroids indicates that that they are 
likely collisional fragments and gives support to the scenario that mantle material has 
been stripped away by collisions and only remains as smaller fragments.  The rubble-pile 
nature of small asteroids also supports this scenario as these objects appear to be 
collections of small collisionally derived fragments.  
 This scenario may be even more plausible if the dynamical modeling is correct, 
and asteroids of smaller sizes (20-100 km) experienced differentiation in the terrestrial 
region where collisions are more likely to occur, producing core and mantle fragments 
that subsequently are more likely to be scattered or consumed by evolving protoplanets.  
The fact that most small A-class asteroids are found interior to or within the inner main-
belt, in a region where the broad compositional structure of the asteroid belt indicate 
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primordial undifferentiated asteroids should reside, suggests that the A-class objects may 
have originated elsewhere. 
 Another possible scenario is that A-class asteroids are more abundant than 
currently observed, but their uppermost surfaces, and thereby their spectra have been 
altered in some way and mask their presence.  The complexities involved in interpreting 
asteroid spectra discussed (Lucey and Keil, 1998; Sunshine et al., 2000; Sunshine and 
Pieters, 1993; Sunshine et al., 2007; Cloutis et al., 2009; Gaffey, 2008; Gaffey, 2010) 
suggest that this scenario is a strong possibility. 
Spectra of A-class objects are unique among the taxonomic classes and spectra 
obtained further into the near infrared have only more recently made it easier to 
distinguish the diagnostic absorptions of olivine and pyroxene.  Spectra of better quality 
and broader wavelength coverage (e.g. DeMeo et al., 2009) have allowed improved 
mineralogical interpretation of asteroid spectra. So, if A-class asteroids are abundant but 
spectra are masked by some process, one would expect to find more A-class with 
improved observations.  If this is not the case, and improved observations continue to 
declassify more objects than are found, then A-class asteroids are indeed even rarer than 
previously thought. 
An important consideration regarding olivine-dominated asteroids is olivine 
composition.  Many S-class asteroids, believed to be comprised of chondritc material, 
contain olivine, but this olivine is more ferroan than the magnesian olivine of 
differentiated A-class asteroids.  Therefore, the detection of a pure olivine assemblage 
alone may not be a sufficient indicator of differentiated materials; the composition of the 
olivine is needed for evidence of mantle origin (Sunshine et al., 2007).  Detection of an 
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olivine signature is further complicated for small asteroids (D < 10 km) as several lines of 
evidence have shown that these asteroids are likely loosely bound megabreccias (“rubble 
piles”).  This structure may effectively hide the olivine spectral signature in small rubble-
pile asteroids with a collisionally mixed lithology.  This type of mixed lithology may be 
common for small asteroids as evidenced from the Almahatta Sitta meteorites, a 
brecciated group that contains many different ureilite and chondritic meterorite 
lithologies (Bishoff et al., 2010). 
Another possible scenario is that differentiated asteroids did not form thick 
olivine-rich, metal-poor mantles and the differentiation on these bodies is not as well 
understood as has been presumed (Burbine et al., 2000).  Two factors complicating this 
scenario are that as one progresses outward from the Sun, the trends controlling asteroid 
differentiation are currently not constrained, nor is the size needed for differentiation.  
Geochemical signatures from ureilites, which may be partial melting residues from the 
top of an asteroid mantle, and pallasite meteorites, generally believed to be from the core-
mantle boundary of differentiated asteroid(s), indicate very different degrees of partial 
melting.  The pallasite are consistent with differentiation from an H-chondrite source 
(Sunshine et al., 2007), while the formation of ureilites point to a carbonaceous chondrite 
source (Rankenburg et al., 2007).  Unfortunately, samples of pure olivine mantle material 
from differentiated asteroids, possibly represented by the Brachinite meteorites 
(Mittlefehldt et al., 2003), are extremely rare.  Evidence of  fractional crystallization and 
melting processes preserved during the petrogenesis of ureilites, and the equilibrium 
conditions deep within asteroid mantles as suggested by pallasites indicate familiar, low-
pressure igneous processes were in operation during asteroid differentiation. 
 70
We favor a model in which differentiated asteroids formed early in solar system 
history interior to the main-belt in the terrestrial region, where faster accretion times and 
higher temperatures allowed planetesimals, possibly as small as 20 km (Bottke et al., 
2006), to undergo differentiation.  Planetesimals from this region were more likely to 
experience collisions with developing protoplanets, producing core and mantle 
fragments, where some of the surviving fragments were subsequently scattered to regions 
interior to, or within the inner main-belt.  Therefore, the population of olivine-dominated 
asteroids observed there today may be interlopers in this region.  Small remaining 
fragments of the mechanically-weak olivine mantle material not scattered to the inner 
main-belt were either consumed via collisions with early protoplanets or incorporated 
into small (<10 km) loosely bound, gravity-dominated aggregates (“rubble piles”). 
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CONCLUSIONS 
 
 The study presented in this thesis was conducted to examine the nature of the rare 
taxonomic A-class asteroids and to make additional constraints on differentiation 
processes on asteroidal bodies through the geochemical characterization of two classes of 
achondrite meteorites.  These data are used to also place constraints on the problem of the 
“missing mantle materials” that is apparent in the asteroid populations and in the 
meteorite collections.  Based on the findings of this investigation the following 
conclusions can be made: 
 
 (1)  Rotational periods of five A-class asteroids were constrained with results 
from this study: 246 Asporina = 16.234 ± 0.001 h, 289 Nenetta = 6.914 ± 0.003 h, 446 
Aeternitas = 15.737496 ± 0.000005 h, 1600 Vyssotsky = 3.201 ± 0.005 h, and 1951 Lick 
= 5.317 ± 0.001 h. 
 
(2)  446 Aeternitas has a distinctly angular shape indicating that 446 Aeternitas is more 
likely to be a collisional fragment than an intact object.  The solution for the pole 
orientation of this asteroid is found to be ecliptic latitude β = +49º, ecliptic longitude λ = 
342º. 
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(3)  Major and trace element signatures for ureilite olivines indicate that they have higher 
concentrations of the lithophile elements Li, Ca, Sc, V, and Cr as well as siderophile 
elements Ni, and Mn relative to pallasite olivines and show evidence for fractional 
crystallization and/or melting. 
 
(4)  Major and trace element signatures of pallasite olivines show evidence of 
equilibrium between the crystal fraction and both a silicate and an FeNi melt. 
 
(5)  Pallasites are the most likely meteorite candidate for the majority of A-class 
asteroids. 
  
(6)  Undiscovered members of the A-class asteroid population are most likely to be small 
(<10 km) objects residing in orbits interior to, or within the inner main-belt of asteroids 
and are difficult to detect with the current instrumentation available.  
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Appendix A: Glossary of Astronomical Terms 
absolute magnitude (H)  the brightness a solar system object would have if placed 1 AU 
 from both the observer and the Sun, and seen with a phase angle of 0º 
 
accretion  the collection of gas and dust to form larger bodies like stars, planets, and 
 moons 
 
achondrite  a stony meteorite that lacks chondrules; most achondrites appear to be the 
 products of igneous differentiation 
 
albedo (ρv)  the reflectivity of a body; geometric albedo is the ratio of an object’s 
 brightness at 0º phase angle to the brightness of a perfectly diffusing disk with 
 the same position and apparent size 
 
ascending node  the angular distance in the plane of the ecliptic from the vernal equinox 
 to the point where to orbit crosses the ecliptic going north, one of the six elements 
 to uniquely define an orbit 
 
astronomical unit (AU)  149,597,870 km, which is approximately the average Earth – 
 Sun distance 
 
back-illuminated CCD  a CCD which has had its back surface ground or etched to 
 permit the passage of light.  It is mounted “upside down” compared to front-
 illuminated CCD devices so that incoming light does not pass through the gate 
 structures on the front of the device  
 
bias frame  a CCD image with a zero length exposure to complete darkness, in an ideal 
 situation a bias frame exposure contains no thermal or photonic contribution 
 
charge-coupled device (CCD)  an electronic light detector that converts photons to 
 electrons in an ordered array of photosites 
 
dark frame  a CCD image with a given exposure length that is taken in complete 
 darkness that is used in image calibration to remove the effects of dark current 
 
decending node  the angular distance in the plane of the ecliptic from the vernal equinox 
 to the point where to orbit crosses the ecliptic going south 
 
declination  the celestial coordinate axis that corresponds to terrestrial latitude, 
 abbreviated δ or Dec. 
 
differential photometry  the branch of astronomy concerned with measuring the 
 brightness of celestial objects at various wavelengths by taking the difference 
 between the its measured value and that of a comparison star (or the average of 
 multiple stars)  
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eccentricity (e)  a value that defines the shape of an ellipse; the ratio of the center-to-
 focus distance to the semimajor axis, one of the six elements to uniquely define an 
 orbit 
 
ecliptic latitude (β)  the latitudinal angle in the ecliptic coordinate system which uses the 
 ecliptic for its fundamental plane, measured positive towards the north    
 
ecliptic longitude (λ)  the longitudinal angle in the ecliptic coordinate system which uses 
 the ecliptic for its fundamental plane, measured eastwards 0º to 360º, 0º ecliptic 
 longitude points towards the Sun from the Earth at the Northern hemisphere 
 vernal equinox   
 
ecliptic plane  a plane defined by Earth’s orbit; the ecliptic is the Sun’s apparent path on 
 the celestial sphere 
 
elongation  the angular separation of the Sun and a solar system object as seen from the 
 Earth, when the object is at opposition from the Sun this value is near 180º  
 
flat field  a CCD image of a uniformly illuminated blank field that is used in image 
 calibration to remove the effects of varying pixel sensitivity and uneven 
 illumination of the CCD device 
 
inclination (i)  the angle between an object’s orbital plane and a reference plane, usually 
 the ecliptic plane (for heliocentric orbits) or a planet’s equator (for satellites), one 
 of the six elements to uniquely define an orbit 
 
Julian date  the count of days since Julian day 0, which began at noon on January 1, 
 4713 BC; used in astronomy to simplify computing intervals of time between 
 dates 
 
Landolt field  a star field which contains photometric standard stars as cataloged in an 
 atlas by A.U. Landolt (1992), the atlas contains 258 standard stars in 156 star 
 fields  
 
lightcurve  a plot of magnitude of an object over time, the period of a lightcurve is the 
 time between successive corresponding points in the curve, the amplitude of the 
 lightcurve is the peak to peak difference in magnitude     
 
magnitude  the brightness of a celestial object on a logarithmic scale, with each 
 successive magnitude 2.512 brighter or fainter than the previous step, the value 
 of the magnitude increases as the object becomes fainter   
 
phase angle (ψ)  the angle subtended by the Sun and Earth as seen from a solar system 
 body 
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planetesimal  a primordial body of intermediate size, up to perhaps 1 km across, which 
 accreted into larger planets or asteroids 
 
pole orientation  the orientation in ecliptic latitude and longitude of the rotational axis of 
 a solar system body relative to the ecliptic coordinate system  
 
resonance  a state in which one orbiting object is subject to periodic gravitational 
 perturbations by another object 
 
right ascension  the celestial coordinate corresponding to terrestrial longitude, 
 abbreviated as α of R.A.  
 
semimajor axis (a)  half of the longest axis of an ellipse, used to define the mean orbital 
 distance of an object from the body that it orbits 
 
signal-to-noise ratio (S/N)  the ratio of the signal present in a measurement to the 
 random variation in the signal (noise) over time 
 
SNC meteorites  three uncommon types of basaltic achondrite meteorites (shergottites, 
 nakhlites, and chassignites) generally believed to have been ejected from the 
 surface of Mars 
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Appendix B: Standard Element Values for Three USGS Glass Rock Standards 
Table B1. – Standard trace element values for three certified USGS glass rock standards 
used for calibration of LA-ICP-MS analyses.  Element concentrations are in µg/g. 
 
 BCR-2g BHVO-2g BIR-1g 
Rock Type Basalt Basalt Basalt 
 
   
Li 9.00 4.40 3.00 
Sc 33.0 33.0 43.0 
Ti 13605 16300 6233 
V 425 308 326 
Cr 17.0 293 392 
Mn 1520 1316 1363 
Co 38.0 44.0 52.0 
Ni 13.0 116 178 
Cu 21.0 127 119 
Zn 125 102 78.0 
Ga 23.0 22.0 15.0 
Ge 1.50 1.60 1.20 
Sr 342 396 109 
Zr 184 170 14.0 
Nb 12.5 18.3 0.52 
Ba 683 131 6.50 
La 24.7 15.2 0.61 
Ce 53.3 37.6 1.89 
Nd 28.9 24.5 2.37 
Sm 6.59 6.10 1.09 
Eu 1.97 2.07 0.52 
Gd 6.71 6.16 1.85 
Tb 1.02 0.92 0.35 
Ho 1.27 0.98 0.56 
Er 3.70 2.56 1.70 
Yb 3.39 2.01 1.64 
Lu 0.50 0.28 0.25 
Ta 0.78 1.15 0.04 
Pb 11.0 1.70 3.70 
Th 5.90 1.22 0.03 
U 1.69 0.40 0.02 
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Appendix C: LA-ICP-MS Analysis of Three USGS Basalt Glass Standards 
Table C1. -  LA-ICP-MS analysis of three USGS basalt glass standards analyzed as 
unknowns in the middle of an analytical batch, two sets of results are shown, one each 
from a pallasite and ureilite analytical batch, all concentrations in µg/g. 
 
  
 
 
 
